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Introduction
T he mitochondrion is the principal site of generation of adenosine triphosphate (ATP) and reactive oxygen species (ROS), and it is generally agreed that molecular damage caused by ROS is central in the pathogenesis of human aging and contributes to the accompanying gradual loss of bone mass. (1, 2) Clinical data corroborating potentially deleterious effects of mitochondrial dysfunction on bone mass and fracture risk as observed in osteoporosis are limited.
Several animal studies support causative roles of mitochondrial dysfunction on bone metabolism. Mice with mitochondrial dysfunction due to accumulation of mutations in mitochondrial DNA (mDNA) display premature onset of age-related disorders, including reduced bone mineral density (BMD) and multiple compression fractures of the spine. (3) Depletion of intracellular ATP increases osteoclast resorption activity and apoptosis and inhibits bone formation in mice, supporting that intracellular ATP levels regulate bone remodeling. (4) Furthermore, ROS increases bone resorption by promoting receptor activator of nuclear factor kappa-B ligand (RANKL)-induced proliferation, differentiation, and lifespan of osteoclasts, (5) whereas oxidative stress reduces osteoblast differentiation and subsequently bone formation, by inhibition of the Wnt/b-catenin signaling pathway. (6) In addition, increased oxidative stress in osteocytes specifically increases osteoclast resorption and decreases bone This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited. formation due to increased expression of RANKL and the Wnt-pathway inhibitor sclerostin. (7) The clinical phenotypes of mitochondrial diseases in humans may include several conditions, including but not restricted to impaired growth, myopathy, neurological deficits, and liver and kidney diseases. (8) Severe osteoporosis has been reported in a single case of a young man with an mDNA deletion, (9) but it remains unknown if mitochondrial dysfunction influences bone remodeling in humans.
The m.3234A>G is the most common mitochondrial point mutation (3.5 per 100,000). (8) Carriers of the m.3234A>G may be asymptomatic or develop specific clinical phenotypes including mitochondrial encephalomyopathy, lactic acidosis and strokelike episodes (MELAS) and maternally inherited diabetes mellitus (DM) and deafness (MIDD). (10) Although infrequent, hypoparathyroidism has been reported in m.3234A>G carriers. (11) (12) (13) Hypoparathyroidism may increase bone mass due to lower bone turnover, (14) but accounts of bone mass in carriers of m.3234A>G mutations are absent. Exercise, disuse, and age-related changes in muscle and bone mass are correlated in humans, and low BMD has been reported in patients with myopathy. (15, 16) Although BMD is lower in type 1 DM (T1D) and normal or increased in type 2 DM (T2D), bone turnover is lower in both T1D and T2D. (17, 18) Mitochondrial DM is generally explained by decreased insulin secretory capacity, (19) suggesting that the bone phenotype of individuals with m.3243A>G could resemble that observed in T1D.
Although mitochondrial dysfunction appears to have significant impact on bone remodeling in mice, effects on human bone turnover, mass, and structure are unknown. The aim of this case-control study was to characterize bone turnover, mass, structure, and estimated strength in subjects carrying the m.3243A>G mitochondrial mutation.
Subjects and Methods

Design, setting, and participants
This cross-sectional study was conducted between June 2013 and June 2015. The study population consisted of 45 adult subjects carrying the mitochondrial point mutation m.3243A>G recruited from a Danish cohort of m.3243A>G-positive subjects from 25 families. These families included 79 individuals, three of whom were excluded due to pregnancy (n ¼ 1), cancer (n ¼ 1), or coexistence of a PHEX mutation (n ¼ 1). Twelve individuals were below the age of 18 years, and 19 declined participation.
Forty-five control subjects were included from a cohort of 499 healthy individuals participating in a separate study aimed at establishing HRpQCT reference date in the adult Danish population. The participants in the HRpQCT study were recruited in 2010 to 2011 using population listings in the municipality of Odense. (20) Each m.3243A>G positive subject was matched with a control subject from this cohort with regard to gender, age, height, and menopausal status (no menstruation for at least 6 months).
Examinations and scans were performed at Odense University Hospital. Information on lifestyle, comorbidities, and treatment was retrieved by interview and a structured questionnaire. Body weight was measured with participants wearing casual indoors clothing and barefoot to the nearest 0.1 kg on a Seca model 708 scale (Seca, Hamburg, Germany). Body height was measured to the nearest 0.1 cm on a wall-mounted Harpenden stadiometer (Holtain Ltd., Crymich, UK).
All participants provided informed consent, and the study was performed according to the guidelines from the Declaration of Helsinki. The Regional Scientific Ethical Committees for Southern Denmark approved both investigations (ID S-20100112 and ID S-20090069).
Genetic investigations
DNA extractions were carried out using the QIAamp DNA Mini Kit (Qiagen GmbH, Hilden, Germany), using the manufacturer's protocol. An allele-specific polymerase chain reaction (PCR) assay was used for the detection of the m.3243A>Gm u t a t i o n . Two sets of primers were used in one reaction tube: 3014L (forward), GTGCAGCCGCTA TTAAAGGT, and 3262HM17 (reverse), TTTTATGCG ATTACCGCGCC harboring two mismatches, which allow for a selective amplification of a 249-bp product if the m.3243A>G mutation is present. A control 614-bp product was co-amplified using the primers 5289 to 5309 (forward) and 5903 to 5584 (reverse). PCR reactions were carried out using GoTaq (Promega, WI, USA) on an ABI 2720 (Thermo Fisher, MA, USA).
DXA, HRpQCT, and biochemical analysis
Areal BMD (aBMD) at the lumbar spine (L 1 -L 4 ), total hip, femoral neck (all participants), and whole-body composition (cases only) were measured using dual-energy X-ray absorptiometry (DXA) (Hologic Discovery, Waltham, MA, USA). Bone geometry, volumetric BMD (vBMD), and microarchitecture were assessed using a HRpQCT system (Xtreme CT; Scanco Medical AG, Bruẗtisellen, Switzerland) as described. (21) The quality of the HRpQCT scans of the forearm was unacceptable due to motion artifacts (grade <3) in five of the participants, and these images and those from matching controls were excluded from the analyses.
Blood samples were drawn between 7:30 a.m. and 10:00 a.m. in the fasting state and stored at -80°C until measurement of serum procollagen type I amino-terminal propeptide (P1NP) and C-telopeptide of type I collagen (CTX) by chemiluminescence method. The samples were analyzed in a single step with the same batch of the reagents and assay. (22) Statistical analyses Data were expressed as mean AE standard deviation, median (interquartile range [IQR]), or numbers as appropriate. Normality was evaluated using normal probability plots. m.3243A> G-positive subjects and controls were compared using chi square test for categorical variables and unpaired Student's t test or Mann-Whitney U test for normally distributed or nonparametric data, respectively. Differences in bone mass, structure, and strength in m.3243A>G-positive subjects and controls were presented graphically as mean percentage differences. These relationships were further investigated in three regression models. The first model included mutation status as the only independent variable; the second model included mutation status, body weight, age, and gender as independent variables. In addition, the third model also included DM status. Logarithmic transformation was applied if variables were not normally distributed. Statistical analyses were performed using STATA statistical package version 14 (StataCorp LP, College Station, TX, USA). 2042 LANGDAHL ET AL.
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Results
General characteristics of study participants Characteristics of m.3243A>G subjects and controls are presented in Table 1 . Gender, age, body height, fracture history, ethnicity, smoking status (present smoker or nonsmoker), alcohol consumption (dichotomized as intake of more than 14 units per week or less), menopausal status, age at menopause, and length of radius and tibia did not differ between the groups. However, mean body weight and BMI were 11.0 kg and 3.8 kg/m 2 lower in the m.3243A>G group. The mean BMI of the m.3243A>G group was within the normal range (BMI 23.0 AE 5.3 kg/m 2 ), but included eight individuals with a BMD <18.5 kg/m 2 , whereas the control subjects were slightly overweight (BMI 26.8 AE 4.1 kg/m 2 ). Furthermore, calcium intake (dietary and supplement combined) was higher and use of vitamin D supplements were prevalent in the m.3243A>G subjects.
Case-specific characteristics
Twenty-five of the m.3243A>G subjects had manifest DM and 31 reported hearing impairment (HI). None of the cases were known to have hepatic disease. Two cases had impaired renal function (creatinine >200 mmol/L). Those with DM were treated using several types of antidiabetic drugs or dietary restrictions, but none of the diabetics were treated with peroxisome proliferator-activated receptor gamma agonists or metformin. Table 2 presents the m.3243A>G group stratified according to DM status. Cases with DM were more likely to report HI. Furthermore, body weight, but not body fat percentage, was lower in mutation carriers with DM. aBMD aBMD of the lumbar spine, total hip, and femoral neck were lower in cases than controls ( Table 1 , Fig. 1 ), and femoral neck BMD was lower in cases with DM compared to those without DM ( Table 2) . T-scores of the lumbar spine, total hip, and femoral neck in cases were -1.54 AE 1. was associated with lower aBMD in the unadjusted and the gender, age, and weight-adjusted models ( Table 3) , but only significantly associated with lower total hip BMD after adjustment for DM. DM was not associated with aBMD in regression models.
Bone geometry
Total and trabecular bone areas in radius, but not tibia, were larger in the m.3243A>G group in all models with the exception of total bone area in the unadjusted model (Table 4 , Fig. 1 ). The cortical areas of both the radius and tibia were smaller in the m.3243A>G group in all regression models.
vBMD
The presence of m.3243A>G mutation was associated with lower total vBMD, cortical vBMD, and trabecular vBMD in the radius in all models (Table 4 ). Both total and trabecular tibial vBMD were lower in the m.3243A>G group before and after adjustment for weight, gender, and age, and total vBMD remained lower after adjustment for DM status. Tibial cortical vBMD was only associated with mutation status after adjustment for weight, gender, and age (Table 4 ).
Bone microarchitecture
The m.3243A>G was associated with a lower ratio between trabecular bone volume and tissue volume in both radius and tibia, but this was not significant in tibia after adjustment for DM status ( Table 4 , Fig. 1 ). The m.3243A>G mutation was associated with lower trabecular number in the unadjusted model and the fully adjusted model, but trabecular thickness was not associated with mutation status in radius and tibia. Cortical thickness was lower in m.3243A>G carriers in all models in both radius and tibia, and radial cortical porosity was higher in the m.3243A>G group in the fully adjusted model (Table 4 ).
Estimated bone strength
The m.3243A>G mutation was associated with lower estimated bone stiffness and failure loads in tibia in all models ( Table 4 , Fig. 1 ). Conversely, m.3243A>G was associated with estimated radial bone stiffness and failure loads after adjustment for gender, age, and weight, but not after further adjustment for DM.
Biochemical markers of bone turnover
Bone turnover markers (BTMs) (CTX and P1NP) were lower in the m.3243A>G group than in controls (Table 2) . However, only P1NP was lower in cases after adjustment for gender, age, and weight in the regression analyses, and mutation status was not associated with the BTMs after adjustments for DM (Table 5 ). Both BTMs were lower in individuals with manifest DM in the latter model. Among m.3243A>G carriers, BTMs were lower in those with DM ( Table 2) . 
Discussion
We have demonstrated that bone mass, structure, and estimated strength are compromised in carriers of m.3243A>G mitochondrial mutations. Additionally, BTMs were lower in carriers with DM. To our knowledge, this is the first comprehensive investigation of bone composition and turnover in individuals with a mitochondrial mutation.
The m.3243A>G mutation causes mitochondrial dysfunction and enhances oxidative stress, which is considered part of the pathogenesis of DM and other manifestations of mitochondrial disease. (23) Previous investigations of bone status in monogenic mitochondrial disorder are lacking. Negative correlations between BMD and oxidative stress and oxidative damage have been observed in postmenopausal women, (24, 25) supporting that the bone phenotype observed in our investigation is explained by mitochondrial dysfunction. With age, vBMD, cortical thickness, and trabecular number decline, cortical porosity increases, and estimated bone strength regresses, (21) which is largely compatible with the pattern of differences among the carriers of m.3243A>G mutation and healthy individuals observed in our study. Although speculative, this could indicate that the m.3243A>G bone phenotype exemplify premature bone aging.
Nearly all carriers of the m.3243A>G develop impaired glucose tolerance or DM before the age of 70 years, (26) and it is generally agreed that mitochondrial DM primarily is caused by impaired glucose-stimulated insulin secretion. (26) Increased heteroplasmy is associated with earlier debut of DM in carriers of m.3243A>G. (27) Therefore, the bone phenotype observed in mutation carriers with DM may illustrate the effects of severe forms of mitochondrial dysfunction and DM. This notion is supported by a higher prevalence of HI and lower body weight in m.3243A>G with DM, indicating that these individuals had a higher level of mitochondrial dysfunction.
The present study shows that the bone phenotype observed in m.3243A>G carriers, in most aspects differ from that seen in healthy controls, and appear to share similarities with the bone phenotype reported in T1D, which includes decreased cortical bone thickness and density as well as lower trabecular vBMD. (22, 28) With respect to bone turnover, the regression analyses showed that bone turnover appeared to be preserved in nondiabetic but lower in diabetic mutation carriers. However, the relatively small size of the study population refrained us from assessing BTMs at different age ranges in mutation carriers and controls. Therefore, we cannot exclude the possibility that bone turnover is lower in elderly mutation carriers. However, because heteroplasmy levels were not assessed in our study, we were unable to investigate whether the degree of mitochondrial dysfunction, assessed using heteroplasmy levels as a surrogate marker, was associated with any of the available measures of bone mass, structure, or turnover.
BMD and body weight are closely associated, and the difference in weight between cases and controls probably influenced the results of this study. (29, 30) Obese adults have higher BMD, thicker and denser cortices, and higher trabecular number than non-obese adults, (31, 32) and these differences are mainly present in tibia and not radius, suggesting that the effects of body weight are explained by positive effects of mechanical loading. When comparing our study with studies of the effect of obesity on BMD it seems that weight has a disproportionately larger impact on BMD in our study. (31, 33) Furthermore, with trabecular number and CTX as exceptions, we observed that associations between m.3243A>G and bone parameters remained significant after adjustment for weight, gender, and age. Taken together, this suggests that the weight difference cannot explain the differences in the bone phenotype between cases and controls in our study.
Mitochondrial myopathy may cause varying degrees of exercise intolerance, fatigue, myalgia, and a general sense of weakness, (34) and lower levels of habitual physical activity have been reported in mitochondrial patients. (35) Physical activity is directly correlated with bone mass; therefore, mitochondriarelated myopathy could affect bone mass and structure. (36, 37) Unfortunately, data on physical activity were not recorded in the present investigation, which excluded the possibility of evaluating whether differences in bone status and BTMs between m.3243A>G carriers and controls were related to physical activity.
Use of calcium and vitamin D supplements were higher in the m.3243A>G carriers, which may be explained by higher contact with healthcare services in cases versus controls. These supplements could be beneficial to the bone status of the cases, and any negative effect of m.3243A>G might thus be underestimated. Although unsubstantiated, subclinical disturbances in the calcium metabolism such as hypoparathyroidism could interfere with bone metabolism in cases with m.3243A>G. The prevalence of hypoparathyroidism was 6% among 226 individuals with Kearns-Sayre syndrome (KSS) (mitochondrial encephalomyopathies with early onset, caused by deletions of mDNA), but similar data is not available for m.3243A>G. (38) Although the present investigation shows that mitochondrial dysfunction due to m.3243A>G mutation may have deleterious effects on bone, the mechanisms linking the mutation and mitochondrial dysfunction to the bone phenotype remains to be determined. Figure 2 presents some of the mechanisms, which may link mitochondrial dysfunction to the bone phenotype. Mitochondrial dysfunction including ATP deficiency and increased oxidative stress may have direct effects on the differentiation and activity of bone cells. Decreased ATP synthesis may disturb purinergic signaling, which has been implicated in several signaling pathways involved in the regulation of bone metabolism, (39) such as the response to mechanical strain (40) and potentiation of PTH signaling. (41) DM, myopathy, low body weight, and exercise intolerance may have secondary effects on the bone phenotype, either by endocrine regulation such as decreased secretion of myokines or lower mechanical loading of the bone. Therefore, it would appear that the pathogenesis of the bone phenotype observed in m.3243A>G is caused by a complex interplay of factors as illustrated in Fig. 2 .
The foremost limitation to this study is the inadequate matching of cases and controls with regard to body weight. This was particularly challenging because the variation in body weight was substantial in cases, which comprised several individuals with a low BMI. However, recruitment of healthy individuals with a low BMI as controls was considered inappropriate because underweight is infrequent in the normal population and often associated with chronic conditions that could have direct effects on bone. Furthermore, we abstained from matching diabetic cases with diabetic controls because DM observed in m.3243A>G is different from T1D and T2D. The coexistence of DM-influenced bone turnover, however, omitting m.3243A>G carriers with manifest DM would have excluded cases with the highest degree of mitochondrial dysfunction, which were most likely to have developed a distinct bone phenotype. Furthermore, we cannot exclude the possibility that selection bias was introduced because controls were recruited from urban population listings and controls from both urban and rural parts of the country.
Acknowledging the shortcoming with regard to matching on body weight, the present study has a number of strengths. Most notably, we included a sizable number of individuals with a rare mutation as well as age-and gender-matched controls. Although validated methods were used to study the bone phenotype in these rare cases, assessment of dynamic bone histomorphometry could have provided knowledge on the effects of mitochondrial dysfunction on bone remodeling, including osteoblast and osteoclast activity in humans.
In conclusion, this study shows that the m.3243A>G mutation is associated with a bone phenotype characterized by impaired bone mass, structure, and strength. Although the mechanisms by which mitochondrial dysfunction affects bone remodeling in humans cannot be determined by this study, we speculate that enhanced oxidative stress and decreased ATP production could lead to a premature ageing of the skeleton.
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